We report on the detection of pulsations from PSR B1706−44 based on 28.3 hours of observations with the H.E.S.S. II array with CT5 in monoscopic mode. The lightcurve is similar to that obtained with the Fermi-LAT above 15 GeV and the pulsations exhibit a steep spectrum with index ∼ −3.8 in the sub 20 GeV to sub-100 GeV energy range. While a significant signal of ∼ 1000 events is detected at energies ∼ 70 GeV, it is not possible to either confirm or rule out a power-law behaviour of PSR B1706−44 spectrum in this range. 
Introduction
The 28 m equivalent diameter telescope (CT5), added in 2012 to the core of the H.E.S.S. array of four 12 m diameter imaging atmospheric Cherenkov telescopes (CT1-4) has allowed to reach sub-20 GeV energies in monoscopic mode for observations of pulsars [7, 12] , thus bridging the gap to satellite-based γ-ray instruments.
PSR B1706−44 is the third brightest γ-ray emitting pulsar after the Vela and Geminga pulsars [1] , which have been detected from the ground along with the Crab pulsar [12, 25, 5, 6, 18] . Its spindown power ofĖ = 3.4 × 10 36 erg/s and age, ∼ 1.7 × 10 4 years are very similar to those of the Vela pulsar. Despite its rather large distance of ∼2.3 kpc as compared to Vela (294 pc), the γ-ray luminosity of PSR B1706−44 at 10 GeV is only 3 times lower than Vela, and as such, it constituted a promising target for detection from ground.
γ-rays were first detected from PSR B1706−44 with the COS-B satellite in 1981 [23] , classified as an unidentified source. It was only identified a decade later as a 102 ms pulsar with the Parkes radio telescope [15] . PSR B1706−44 has since been detected with EGRET [24] , Chandra [11] , AGILE [21] and Fermi-LAT [2] . The synchrotron nebula around PSR B1706−44 [9] displays a surprisingly low radio flux in comparison with other radio pulsar wind nebulae (PWNe) [10] , and in X-rays, ROSAT and ASCA have revealed a structure of a torus and a jet [8] . In VHE γ-rays, an extended source of Gaussian width 0.29 • was discovered by H.E.S.S. above 600 GeV [13] , of which the association with PSR B1706−44 is likely but not firmly established. The monoscopic analysis pipeline used for this detection is the same as the one originally developed and validated on Vela pulsar data with CT5 [12] . It was used to reconstruct the shower direction, impact and energy of the primary γ-rays, based on the recorded shower images. The images were obtained after calibration and image cleaning. To compute the phase of each event, the time stamps provided by the central trigger system of H.E.S.S. were folded using the Tempo2 package [14] with an ephemeris using both LAT timing [16] and radio data from the Parkes Radio Telescope [26] , valid between 22 nd of July 2007 till 11 th of September 2015 1 .
Observations and data analysis
To discriminate between photons and hadrons, a boosted decision tree (BDT), trained on γ-ray Monte Carlo (MC) simulations for the signal and on real data for the background, was used. Background was additionally rejected through a spatial cut at a 68%-containment radius (0.3 • ) and by a selection in phase. For the latter, ON-and OFF-phase ranges were defined based on the Fermi-LAT phasogram (see below) and a maximum likelihood-ratio test [17] was applied to compute the significance of the signal.
The energy spectrum for H.E.S.S. data was derived using a maximum likelihood fit within a forward-folding scheme [20] . The instrument response functions (IRFs) were computed through extensive MC simulations as a function of the energy, zenith, and azimuthal angles of the telescope pointing direction, the impact parameter of showers, and the configuration of the telescope for each observing period. Histogram of phases for two periods with Fermi-LAT data > 15 GeV (top) and H.E.S.S. II with CT5 in monoscopic mode data (bottom). The hashed box represents the OFF-pulse region and the grey box the ON-pulse region. The empty (or white) area between both isn't considered as part of the ON nor OFF region. The dashed line shows the average level of background evaluated in the OFF-pulse region. From the Fermi-LAT data above 15 GeV, we derive a KDE (variance of 0.025), represented by the blue curve and used for a maximum-likelihood ratio test on the H.E.S.S. II-CT5 data.
Fermi-LAT
62 months of Fermi data from 2008 to 2013 were used to derive the phasogram and phasedresolved spectra above two energy thresholds of 100 MeV and 10 GeV.
Events were selected from the P8 Source class (event class = 128, event type =3) within a region of interest (ROI) of 10 • radius around the position of the pulsar, and P8R2_SOURCE_V6 IRFs were used. Only γ-ray events with reconstructed zenith angles smaller than 90 • were selected in order to reduce contamination by γ-rays from Earth's limb.
The pulsar phase was computed for selected events using the Tempo2 Fermi plug-in [22] and the same ephemeris as that used for the H.E.S.S. data.
An additional selection cut θ max = 0.6 • was applied on the angular distance of each photon to the pulsar position for generation of the light curves. This cut value is slightly smaller than the 68% and 95% containment radii of the Fermi-LAT at 1 and 10 GeV, respectively, and allows us to retain a large number of highest energy photons, while limiting the background in the 1 − 10 GeV range.
The spectral analysis was done using gtlike tool, the Galactic diffuse emission model, gll_iem_v06.fits, and isotropic diffuse model, iso_P8R2_SOURCE_V6_v06.txt. All sources from the Fermi-LAT third source catalogue (3FGL) [4] , within a region of 20 • radius centred on the pulsar position were added to the source model, while parameters for sources outside the ROI were fixed during the fit. Figure 1 shows the phasogram of PSR B1706−44 for the Fermi-LAT data above 15 GeV (on top) and for the H.E.S.S. data (on the bottom). Two periods are displayed for better readability. [17] ). An alternative pipeline ( [19] ) was used as a cross-check and validated the detection, at a slightly lower significance. We note that the phase bins near phase 0.75 exhibit some excess but at a low significance level when taking into account the trials. The probability density function (PDF) of the Fermi-LAT light curve is derived through a KDE (Kernel Density Estimator) with variance 0.025, and used in a maximum-likelihood ratio test on the H.E.S.S. data. The test significance reaches a value of 4.6σ for 8139 signal events, which is compatible with the Li & Ma test results. The fact that the number of signal events found with the maximum likelihood ratio test is larger than the number of excess events based on the ON and OFF-pulse zones can be due to the contribution of some events near phase 0.75.
Results

Light Curves
Spectra
The spectra obtained with both instruments and with the phase definitions given above are shown in Fig. 2 . For the Fermi-LAT data, phase-resolved spectra were derived first above 100 MeV, assuming a power law with an exponential cut-off (ECPL): model and the power law yields a significance of only 1.4σ in favor of the curvature. This, however, does not preclude the exponential cut-off found with the larger energy range fit, although one might be in the same situation as that of the Crab [6] , i.e. an apparent curvature due to lack of statistics.
For the H.E.S.S. II-CT5 data, a power-law fit resulted in an index Γ HESS = 3.76 ± 0.36 stat , a normalization Φ HESS 0 = (4.3±0.9 stat )×10 −8 TeV −1 cm −2 s −1 , at the reference energy E 0 = 20 GeV, and with decorrelation energy E d = 21.5 GeV. It was shown in [12] that the threshold of CT5 is close to 10 GeV. Here, again, the CT5 data fit results are in full agreement with the ones obtained from the LAT above 10 GeV.
The fit of a parabola model was not attempted due to lack of statistics and rather low signalto-noise ratio. The highest energy bin in the CT5 data, 54 to 225 GeV, displays an excess of 2782 events at a significance level of 2.5σ .
Due to the large bias in energy reconstruction (see [12] ), the average energy in this bin differs from a simple weighted mean taking into account the spectral index. An evaluation using a simulated spectrum with parameters matching those of the Fermi-LAT power law above 10 GeV predicts that 60% of events with < E >=62.7 GeV and with a dispersion of 37 GeV lie in that bin. The confidence box of the H.E.S.S. SED, shown in Fig 2 is hence limited to 62 .7 GeV. The box includes the systematic errors obtained with the procedure described in [12] , except that the energy scale uncertainty used here is +5% instead of +8%. The latter value was an upper limit for the relative energy scale offset between Fermi-LAT and H.E.S.S. II-CT5. The correction to +5% is due to the LAT recalibration on electrons [3] which brought the LAT scale 3% down in energy, i.e. closer to CT5 scale.
Summary
A significant pulsed signal from PSR B1706−44 has been detected with 28.3 hours of observations with H.E.S.S. II-CT5 in monoscopic mode. This is the fourth detection of a pulsar from the ground, after the Crab, Vela and Geminga pulsars.
The phasogram obtained with H.E.S.S. II-CT5 is similar to that of Fermi-LAT above 15 GeV, i.e. the peak P2 is clearly dominant over P1, in continuity with the trend seen at lower energies [2] . The comparison of the CT5 spectrum with that obtained from 5 years of Fermi-LAT data above 10 GeV shows a very good agreement. The pulsed spectrum of PSR B1706−44 above 10 GeV is shown to be very steep (index∼ −3.8 to 3.9) with both Fermi-LAT and H.E.S.S. II-CT5 and similar to the Vela pulsar [12] . However, the lack of statistics in either instrument data prevents any conclusion on the absence or presence of a spectral curvature/cut-off. The question hence remains whether PSR B1706-44's spectrum behaves like the Vela PSR where an indication of curvature at a level > 3σ was found independently with both Fermi and H.E.S.S. II-CT5 [12] , or as the Crab pulsar where a soft and tail-like extension of the Fermi-LAT spectrum was found above 100 GeV and extending up to 1 TeV [25, 5, 6] . Measuring the behaviour of the tail of the spectrum in the tens of GeV range should bring further insights into mechanisms at play in young pulsars, including those in the VHE regime. This would require further observations with H.E.S.S. or CTA.
